INTRODUCTION
Intermetallic compounds of rare earth elements R with nickel of the type RNi 5 stand out in the large vari ety of their magnetic structures and electronic charac teristics. The unique features of the physicochemical properties of these alloys underlie their engineering potential as functional materials for permanent mag nets and magnetothermal applications, as well as for devices based on magnetostriction and magnetoresis tive effects [1] [2] [3] . Particular interest expressed in investigation of the properties of RNi 5 compounds stems from their ability to absorb and accumulate atomic hydrogen [4] , which led to the development of portable energy intensive storage cells based on (Ni-R-H) [5] .
The specific features in the magnetic and elec tronic properties of the RNi 5 intermetallic compounds are associated with the Ni 3d bands being practically fully occupied by 5d electrons of the outer shells of R atoms, which makes the contribution of Ni atoms to the spontaneous magnetic moment weak. Magnetic ordering in alloys of this system is mediated by indirect exchange interaction among R ions supported by con duction electrons, as well as by crystal field effects. It was found that many of the physical properties of the RNi 5 compounds change significantly when Ni is sub stituted for by atoms of other d or p metals as a result of the strong effect an impurity exerts on the parame ters of the electronic structure, crystal field, and exchange interaction. For instance, various pseudobi nary RNi 5 -x M x alloys (M = Al, Cu, Fe, Co), which are solid solutions with the structure of the parent binary compound, exhibit nonmonotonic concentration dependences of the crystalline, electronic, magnetic, and thermodynamic characteristics [6] [7] [8] [9] . Doping likewise brings about a substantial improvement of the electrochemical characteristics affecting the ability of these materials to absorb atomic hydrogen [4, 10] .
Substantial modifications of the above properties imparted by an increase of the concentration of Cu impurity were found also in the NdNi 5 -x Cu x (x ≤ 2) system of ferromagnetic intermetallic compounds with low magnetic transition points (the Curie tem perature T C for NdNi 5 is close to 8 K) [7] . Growth of the number of substituent atoms leads to a decrease of the spontaneous magnetic moment and magnetic sus ceptibility, nonmonotonic variation of T C , as well as structural and electronic characteristics [7, 11] . X ray photoemission measurements [11, 12] demonstrate noticeable transformation of the energy bands of these alloys below the Fermi level E F , which is induced by a partial substitution of copper atoms for nickel. This was found to be accompanied by the appearance in the valence band photoemission spectrum of a broad maximum at the binding energy ~3.5 eV, which was identified with the Cu 3d band. Its intensity depends directly on the impurity concentration, with the main contribution to the electron densities of states in the range of up to 6 eV below E F being provided by the nar row Nd 4f and wide Ni 3d bands.
Additional information on the specific features in the effect of an impurity on band structure evolution of Abstract-The spectral properties of the intermetallic compounds NdNi 5 -x Cu x (x = 0, 1, 2) have been stud ied using optical ellipsometry in the wavelength range 0.22-16 µm. It has been established that substitution of copper atoms for nickel leads to noticeable changes in the optical absorption spectra, plasma frequencies, and relaxation frequencies of conduction electrons. Spin polarized calculations of the electronic structure of these compounds have been performed in the local spin density approximation allowing for strong electron correlations (LSDA + U method) in the 4f shell of the rare earth ion. The calculated electron densities of states have been used to interpret the experimental dispersion curves of optical conductivity in the interband light absorption region. DOI: 10.1134/S1063783413110115
METALS
PHYSICS OF THE SOLID STATE Vol. 55
No. 11 2013 these compounds can be obtained from integrated studies of spectral characteristics and band calcula tions of energy spectra. In this work, the electronic properties of alloys in the NdNi 5 -x Cu x (x = 0, 1, 2) system have been investigated using the LSDA + U calculations of the energy band spectrum and mea surements of the frequency dependences of optical parameters. The main structural features of the disper sion curves of interband optical conductivity have been interpreted based on the calculated electron den sities of states. The experimental data complemented by the calculations provide information on the princi pal characteristics of the band spectrum and their vari ation with increasing number of substituent atoms.
CALCULATION OF THE ELECTRON DENSITY OF STATES
The NdNi 5 -x Cu x (x = 0, 1, 2) alloys have a CaCu 5 type hexagonal structure with P6/mmm space symme try group. Nd atoms in the NdNi 5 unit cell consisting of one formula unit occupy the 1a (0, 0, 0) crystallo graphic position, while Ni atoms are localized in two symmetrically inequivalent positions 2c (1/3, 2/3, 0) and 3g (1/2, 0, 1/2). The a and c parameters of the hexagonal lattice increase with increasing Cu content to become a = 4.956 Å, c = 3.950 Å for NdNi 5 , a = 4.984 Å, c = 3.991 Å for NdNi 4 Cu, and a = 5.006 Å, c = 4.014 Å for NdNi 3 Cu 2 . The self consistent calcu lations of the electronic structure of these compounds were performed in the local electronic density approx imation allowing for the strong interactions of 4f elec trons of Nd atoms (the LSDA + U method [13] ). The parameters of the direct Coulomb and exchange inter actions for the Nd 4f shell were calculated in the present study in the frame of the supercell procedure and found to be U = 4.2 eV and J = 0.7 eV, in contrast to the values of U = 6.25 eV and J = 0.9 eV used earlier [11] as fitting parameters. The calculations were per formed with the TB LMTO ASA code [14] with the method of linearized muffin tin orbitals in the atomic sphere approximation. The integration by the tetrahe dron method was performed on a k point grid in reciprocal space with a total number 10 × 10 × 10 = 1000 (186 irreducible k points). The orbital basis included MT orbitals corresponding to the 6s, 6p, 5d, and 4f Nd states, as well as to the 4s, 4p, and 3d Ni states. The MT sphere radii of Nd were 3.6 and 2.7 a.u. for Ni in positions of both types. The calculations modeled collinear ferromagnetic ordering of local magnetic moments on all lattice sites, with spin orbit interaction disregarded in the calculations. The values of the magnetic moment on Nd ions are close to 3.1 μ B in all compounds, less than 0.2 μ B on Ni ions in NdNi 5 , and less than 0.02 μ B in copper alloys. The cal culations performed for alloys with copper were com plemented for each value x = 1 and 2 with separate cal culations for each of possible configurations of substi tution of copper atoms for nickel in the unit cell, followed by averaging of the self consistent electron densities of states with the corresponding weights. Figure 1 presents the total electron densities of states N(E) of NdNi 5 -x Cu x compounds (x = 0, 1, 2) calculated for two opposite spin directions, ↑ and ↓. Also the partial density distribution for Nd 4f elec trons, as well as for the 3d electrons of Ni and Cu, is shown. In all the three compounds, the extended many peak N(E) structure related with the Ni 3d band is nearly identical in shape for both spin orientations. The region of higher densities of states formed by elec trons of a given type is localized in the occupied part of the valence band at energies 0-5 eV below E F . The strong peaks in the ↑ band system located within 3.0-3.5 eV below and 0.7-1.8 eV above the Fermi level originate from the 4f ↑ electrons of Nd atoms. As strong peaks in the 4f ↓ band system are confined in the range 2.2-3.4 eV. Significantly, the 4f band structure obtained in this calculation for the two spin orienta tions differs from the one observed in the densities of state of structurally similar RNi 5 -x Cu x compounds [15, 16] , where R stands for Tb, Ho, and Er are the ele ments of the subgroup of heavy REM. In the latter 
